The present study investigated occurrence of environmental estrogens (EEs) in waterways managed by the Metropolitan Water Reclamation District of Greater Chicago ('District') -one of the largest and most complex water districts in the United States. The objectives of the study were: (i) to document spatial and temporal occurrence of EEs in the Chicago Area Waterways (CAWs); (ii) to determine whether water reclamation plant (WRP) effluents contribute to estrogenic pollution of the receiving streams; (iii) to determine whether the mandated water quality monitoring data could be used to predict estrogenic pollution in the receiving streams; and (iv) to determine whether snow melt, storm runoff and combined sewer overflows may also be contributors of estrogenic activity to these systems. The estrogenic potency of the waterways was assessed using a cellbased reporter gene assay. The water quality data was readily available as part of the District's regular monitoring program. Our findings indicate that EEs are commonly found in the CAWs, and that WRP effluents are one of, but not the only important contributor to estrogenic activity. Mean estrogenic activities in CAWs (11 ng estradiol equivalents (EEQs/L)) are well within the values reported for other urban areas and WRP effluents. The estrogenic activity exhibited significant seasonal variation with highest values noted during the spring and summer months. When comparing the mean estrogenic activity of general use waters, secondary contact waters and WRP effluents, we found that general use waters had significantly lower estrogenic activity (ca 5 ng EEQ/L) than the other two matrices (ca 15 and 17 ng EEQ/L respectively). Our analyses indicate that estrogenic activity of the waterways was not reliably associated with mandated water quality parameters, and that such measurements may not be useful for predicting estrogenic activity, especially so in the complex urban systems. One of the prominent findings of this study is that EEs do not follow predictable spatial patterns -many of the upstream sites in the heavily urbanized areas had levels of estrogenic activity comparable to those found in the effluents and downstream locations. Our data suggest that surface runoff and snow melt are estrogenic (0-9 ng EEQ/L), and given that their estrogenic activities are similar to those of their receiving waterways (0-7 ng EEQ/L), we conclude that these non-WRP sources are important contributors to estrogenic activity of the CAWs.
Introduction
Municipal wastewater has been identified as an important contributor of environmental estrogens (EEs) to aquatic ecosystems (reviewed in Deblonde et al., 2011) . Although it appears that water reclamation plants (WRPs) are capable of removing over 90% of many EEs from their influents (Racz and Goel, 2010) , many WRP effluents retain some estrogenic activity (e.g., Lee et al., 2011; Martinovic et al., 2008; Wehmas et al., 2011) , and in some cases this activity is sufficient to exert adverse effects on fish physiology, behavior and reproduction (e.g., Jobling et al., 2009; Martinovic et al., 2007; Vajda et al., 2008) . While the WRPs are important sources of EEs in the receiving waters, many may also be impacted by EEs from the surface runoff and stormwater . Furthermore, the municipalities that lack physical separation between storm and sewer systems experience events that result in combined sewer overflows (CSOs) where stormwater runoff can exceed the capacity of the sewer network resulting in the release of untreated wastewater into surface waters. CSOs have been recognized as important additional sources for micropollutants in surface waters (Gasperi et al., 2012; Musolff et al., 2010; Weyrauch et al., 2010) . The substances that can be removed efficiently by WRPs were found to occur at significantly higher concentration during CSOs, while the concentration of substances that are poorly removable in WRPs decreased in CSO-influenced samples due to dilution effects (Phillips et al., 2012; Weyrauch et al., 2010) .
Aquatic environments in large, urban settings are especially prone to high EE loads; urban areas support a large human population to surface area ratio and as a result serve as concentration points for EEs originating from human biological waste, personal care products and pharmaceuticals (Brooks et al., 2006) . Furthermore, urban areas are characterized by large impermeable surfaces which promote water input via surface runoff and stormwater. Finally, due to the older age and large size of the sewer and storm system their water infrastructure is often not fully separated (Gasperi et al., 2012) .
The present study investigated EE occurrence in one of the largest urban areas in the United States -Chicago, IL. Chicago area waterways (CAWs) receive treated effluent loads from seven WRPs (including one of the largest WRPs in the world (3.4 million L/day (750 mgd)) and several others are substantial urban WRPs (1.15 million L/day (250 mgd)), several hundred gravity CSOs, several major CSO pumping stations, direct diversions from Lake Michigan, and many tributary streams. In large portions of the CAWs approximately 70% of the annual water flow is from WRP effluents (Metropolitan Water Reclamation District of Greater Chicago, 2008) . The expansive network of natural and man-made waterways in the CAWs receives inflows from a multitude of point and non-point sources that may impact aquatic life. Chemical analyses of some of these waters (i.e., North Shore Channel) revealed the presence of a variety of EEs at concentrations sufficient to disrupt the health of fish populations Lozano et al., 2012) . The hydrological complexity of this aquatic ecosystem indicates a high likelihood that multiple sources (WRP effluents, surface runoff, stormwater, CSOs) contribute to the occurrence of EEs in the CAWs. However, to date no comprehensive study has been conducted to assess the occurrence and effects of EEs in such a complex, effluentdominated, large urban population center.
The data presented in this manuscript represent the first-phase of the research conducted to determine the spatial and temporal occurrence, and characterize sources of EEs in the CAWs. The second stage of this research examined the occurrence of endocrine disruption in wild fish populations and is presented in the companion paper (Schultz et al., 2013-in this issue) . The specific objectives of the first phase of research were: 1) to document spatial and temporal occurrence of estrogenic activity in the CAWs; 2) to determine whether WRP effluents contribute to estrogenic pollution of the receiving waters; 3) to determine whether ambient water quality monitoring data can be used to estimate estrogenic pollution in the receiving waters; and 4) to start assessing the contribution of snow melt, runoff and CSOs to estrogenic activity in these systems.
Materials and methods

Urban setting and study sites
Water samples and water quality parameters for this study were collected on eight occasions spanning two years (April, July and November of 2009; January, April, June, September, and December of 2010). Samples were collected from seven WRP finished effluents and 39 field sites in the CAWs (Fig. 1, Supplementary Table 1 ). Sampling sites coincided with the sites used for the ongoing ambient water quality monitoring program maintained by the Metropolitan Water Reclamation District of Greater Chicago ('District'). The 39 field sites were representative of the large drainage areas of this urban ecosystem and included sites upstream and downstream of all seven WRPs. Sampling sites included a lake, rivers, creeks, and several shipping canals that interconnect aquatic ecosystems in the CAWs. These sites can roughly be classified in two broader categories: 1) moderately urbanized systems with small or moderate modifications (mostly general use waters that require effluent disinfection), and 2) heavily urbanized systems that were extensively altered by human activity (these are largely classified as secondary contact waters). Moderately urbanized systems included three urban streams (DuPage River, Higgins Creek and Salt Creek). We examined effluent of the Hanover Park WRP on the West Branch of the DuPage River and sampled upstream and downstream of the treated effluent discharge. Similarly, we sampled treated effluent from the Kirie WRP on Higgins Creek, a tributary of the DesPlaines River, and adjacent upstream and downstream sites. Salt Creek, another tributary of the DesPlaines River was studied in greater detail with sampling of the treated effluent from the Egan WRP, sampling of water from Busse Lake, just upstream of the plant outfall and three additional sampling sites below the outfall (Arlington Heights Rd, Devon, Wolf). A final sampling site was located on the DesPlaines River where it parallels the Chicago Sanitary & Ship Canal. Heavily urbanized systems included the Chicago and Calumet River systems, which have been altered dramatically to allow for commercial barge traffic and greater hydrological control. The North Branch of the Chicago River receives much of its flow from the North Shore Channel, which in turn carries treated wastewater effluent from the Terrence J. O'Brien WRP. This effluent and two field sites, upstream and downstream of the discharge into this man-made channel, were sampled. An additional four sampling sites were located on the North Branch of the Chicago River and three sites on the South Branch of the Chicago River. Finally, two sampling sites were located on the main branch of the Chicago River. It is important to note that the flow of the south branch of the Chicago River has been reversed and that all water from the north branch and main branch of the Chicago River now flows "upstream" through the south branch of the Chicago River and into the man-made Chicago Sanitary & Ship Canal. This canal receives treated effluent from the Stickney WRP and sampling sites were established upstream and downstream of the outfall. The Chicago Sanitary & Ship Canal joins the Calumet-Sag Channel, which receives treated effluent from the Calumet WRP. Five sampling sites upstream of the Calumet WRP capture water from the Calumet River, Little Calumet River North, Grand Calumet River, and Wolf Lake, with an additional four sampling sites downstream of the effluent outfall. Additionally, two sampling sites were located on the Little Calumet River South, upstream of the Calumet-Sag Channel. Finally, sampling sites at the junction of the Chicago Sanitary & Ship Canal and the Calumet-Sag Channel (Sepa 5), and further downstream on the Chicago Sanitary & Ship Canal represent the totality of water exiting the metropolitan Chicago area.
Analytical methods
Water quality parameters
The District is responsible for monitoring the quality of the waterways that are impacted by its operations. Surface water quality data are gathered monthly by the District for the waterway systems within its jurisdiction and evaluated for compliance with the Illinois Pollution Control Board's (IPCB's) water quality standards. The ambient water quality data used in this study (to investigate the relationships with estrogenic activity) are measured by the District following standard procedures, are published annually, and are publicly available (Metropolitan Water Reclamation District of Greater Chicago, 2009 ; http:// www.mwrd.org/irj/portal/anonymous/WQM). The complete list of the water quality parameters monitored by the District is available in the Supplementary Table 2.
Estrogenic activity of treated wastewater effluents and associated waterways
The water samples used for measurement of the estrogenic activity were a subset of the samples collected by the District as a part of the ongoing ambient water quality monitoring program. Samples of surface water and wastewater effluent were collected for analyses of total estrogenicity, stored at −40°C, and thawed on the same day that cellbased analyses of estrogenic activity were conducted. To prepare sample extracts for the cell-based estrogenicity analyses, 150 mL of water sample was filtered through a 2 μm glass-fiber filter and then concentrated at a flow rate of approximately 5 mL/min, using a 6 mL highcapacity carbon-18 SPE column (Baker Bond, Phillipsburg, NJ) that had been activated with 100% methanol and deionized water. The extract was eluted with 2 mL of 100% methanol. Positive controls were prepared by adding 12 or 50 ng of 17-beta-estradiol (E2) to 1 L of distilled water or matrix water (Lake Superior water). Total estrogenic activity of the environmental samples was measured using an estrogen receptor transcriptional assay. The T47D estrogendependent human breast-cancer cell line stably transfected with an estrogen-responsive luciferase reporter, named T47D-KBluc, was developed by Wilson et al. (2004) . This assay quantifies hormonal activity of environmental samples based on their ability to bind to the steroid receptor and to induce or attenuate subsequent responses.
T47D-KBluc cells were maintained in RPMI 1640 Media (Life Technologies, Carlsbad, CA) supplemented with 1% Anti-Anti (antibioticantimycotic, Life Technologies) and 10% fetal bovine serum (FBS; HyClone, Logan, UT). Before conducting bioassays, the cells were cultured in RPMI 1640 media supplemented with 10% charcoal dextran filtered FBS (HyClone) and in the absence of antibiotics and antimycotics for 7 days, reaching approximately 90% confluence. The cells were removed from culture flasks by a 15 min incubation in TrypLE™ Express (Life Technologies) and transferred to assay medium (RPMI supplemented with 5% charcoal dextran filtered FBS). The cells were then counted using a hemocytometer, diluted to 100,000 cells/mL in assay medium, and seeded into 96 clearbottomed well plates at 100 μL per well. Cells were allowed to attach for 1 h at room temperature before being transferred to a 37°C, 5% carbon dioxide incubator for approximately 24 h.
A standard curve using E2 and negative control (distilled water) was run with each plate. The E2 standard stock solutions were prepared in 100% methanol. The E2 standard curve with in-well concentrations ranging from 0.07 to 1362 ng E2/L was applied to the cells. The methanol eluates of the environmental samples were diluted in the assay medium, and these diluted samples were used to expose the cells. Controls, standards, and samples were prepared so that the methanol concentrations in each well remained constant (0.25% solvent). All samples were analyzed in duplicate. Cell plating, exposure, and medium preparation were conducted under a laminar flow hood to mitigate bacterial and fungal contamination.
After exposure to standard, sample, or control solutions, cells were incubated for 24 h at 37°C and 5% carbon dioxide. Following the incubation period, the exposure medium was removed, and the cells were subjected to a cytotoxicity assay (Invitrogen Live/Dead® Viability/ Cytotoxicity Kit, Eugene, OR) using the protocol developed by the manufacturer. After the Live/Dead® reagent was removed, the cells were washed with 25 μL per well of Dulbecco's phosphate buffered saline (Life Technologies). Cells were lysed for 45 min at room temperature with 25 μL (per well) of Luciferase Cell Culture Lysis Reagent (Promega, Madison, WI). Luminescence, in relative light units, was determined with a luminometer (Biotek, Synergy 2, Winooski, VT) after the addition of 25 μL per well of reaction buffer (25 mM glycyglycine, 15 mM magnesium chloride, 5 mM adenosine triphosphate, 0.1 mg/mL bovine serum albumin, pH 7.8) followed by 25 μL per well of luciferin (Promega, Madison, WI) .
Data from the in-vitro T47D-KBluc assays were used to estimate the total estrogenic equivalents (EEQs) in the effluent samples, relative to E2. The concentrations of the E2 standards used in the cell assays were adjusted for dilutions in the assay medium and transformed using the base-10 logarithm. The estrogenic activity of the test samples was interpolated by the least-squares means procedure from a nonlinear sigmoidal dose-response curve fit to the relative luminescence units of the E2 standards (using Prism 5.02., Graph Pad Software Inc., La Jolla, CA). The detection limit of the method was calculated by determining the environmental concentration at which a chemical induces a response 10% above the baseline (EC10). The EC10 was calculated from a nonlinear sigmoidal dose-response curve fit to the relative luminescence units of the E2 standards (using Prism 5.02.).
Relationships between ambient water quality and estrogenic activity
To evaluate whether standard water quality parameters could be used as predictors for estrogenic activity we utilized data collected from April 2009 to December 2010 by the District. Multiple regression analyses were conducted separately for WRP samples and waterway samples. Many of the ambient water quality data values (especially the metals) were below the method quantification limit (QL) and were reported as qualitative values (e.g., × b QL). Some of the parameters also contained missing values. For these reasons, we eliminated from further analyses all predictors that contained more than 35% of qualitative values or missing values or qualitative/missing values combined (see Supplementary Table 2A for the list of all parameters measured by the District). This predictor elimination step greatly reduced the number of predictors in the data matrix to eight for WRPs: flow, pH, dissolved oxygen (DO), total Kjeldahl nitrogen (TKN), nitrite plus nitrate nitrogen (NO 2 -N + NO 3 -N), total phosphorus (P-TOT), manganese (Mn), zinc (Zn). Predictors for waterway samples were reduced to 20: DO, temperature, TKN, ammonia (NH 3 -N), NO 2 -N + NO 3 -N, total dissolved solids (TDS_ST), suspended solids (SS), volatile suspended solids (VSS), total organic carbon (TOC), pH, chloride (CL), fluoride (F), P-TOT, alkalinity, turbidity (TURB), sulphate (SO 4 ), fecal coliforms (FEC_COL), iron (Fe), Mn, chlorophyll-A.
WRP effluents -relationship between ambient water quality and estrogenic activity
Natural log transformations were applied to EEQ and TKN; square root transformations were applied to Mn and Zn. All transformations brought skewness coefficients into acceptable ranges, decreased the number of univariate outliers, and improved the linearity of the association between predictors and the criterion. Residual analysis for meeting the multivariate assumptions of multiple regression was conducted using residual and partial residual plots, as well as normal p-p plots. Additionally, high leverage, high discrepancy and high influence cases were identified using studentized deleted residuals, hat values, and Cook's D, respectively. While assumptions of normality, constant variance, independence, and linearity were reasonably satisfied, two highly influential cases were identified and removed from the data set. The number of cases used for model development was N = 39. The Enter Method for multiple regression was used to evaluate the individual and cumulative contributions of the set of predictors of LnEEQ. Finally, stepwise regression was performed to determine whether a predictor or a smaller subset of predictors contributes significantly to the prediction of LnEEQ. All statistical analyses were performed using SPSS software, version 20.0 (SPSS Inc., Chicago, IL).
Waterways -relationship between ambient water quality and estrogenic activity
Natural log transformations were applied to EEQ, TKN, SS, VSS, TOC, TURB, FEC_COL, Mn, and chlorophyll A. Square root transformations were applied to Cl, F, P-TOT, and SO 4 . An inverse transformation was applied to NH 3 -N. All transformations greatly reduced skewness, decreased the number of univariate outliers, and improved the linearity of the association between predictors and the criterion. Residual analysis for meeting the multivariate assumptions of multiple regression was conducted using residual and partial residual plots as well as normal p-p plots. Additionally, high leverage, high discrepancy and high influence cases were identified using studentized deleted residuals, hat values, and Cook's D, respectively. While assumptions of normality, constant variance, independence, and linearity were well satisfied, ten highly influential cases were identified and removed from the data set. The number of cases used for model building was N = 127.
Due to the high number of predictors (k = 20) being considered, steps were taken to reduce their number to a parsimonious set. Chloride was removed due to redundancy (e.g., multicollinearity) with other predictors (the largest correlations were with temperature, TDS_ST, VSS, alkalinity, and SO 4 ); variance inflation factors and bivariate correlations between predictors were used to make this determination. Forward selection multiple regression was employed to narrow the set of predictors further.
Exploratory analysis of ambient water quality and estrogenicity data
The variables for which substantial quantitative data was available for both waterways and WRP samples included EEQ, pH, temperature, FEC_COL, DO, SS, TKN, NH 3 , NO 2 -N + NO 3 -N, P-TOT, Mn, and Fe (N = 235). Principal component analysis (PCA) was used to explore the underlying structure of the above variables. Because the PCA solution is enhanced by meeting the univariate distributional assumption of normality and bivariate assumption of linearity, variables were assessed for normality using standard plots and skewness coefficients. Several variables were found to exhibit significant positive skew. To correct for this skewness, natural log transformations were applied to SS, P-TOT, Fe, Mn and EEQ; a square root transformation was applied to NO 2 -N + NO 3 -N. For these variables, approximate normality was achieved with these transformations.
To evaluate the appropriateness of the data for PCA, the Kaiser-Meyer-Olkin measure of sampling adequacy and Bartlett's test of sphericity were conducted. KMO values greater than 0.60 indicate that PCA will be a useful tool in analyzing the data; the KMO statistic for this data was 0.620. Bartlett's test of sphericity is used to determine whether the variables share sufficient correlations to perform the principal component analysis; the result of this analysis was statistically significant (X 2 = 1387, df = 66, P b 0.001). PCA was applied to the 12 variables and 235 cases. Statistical results identified four potential components, with eigenvalues greater than 1. After evaluating potential solutions of two, three, and four components for a meaningful and parsimonious solution, two components were extracted.
Evaluation of estrogenic potency of non-WRP sources
The primary objective of this experiment was to determine (by using a combination of in vivo fish and in vitro cell assays) whether surface runoff and CSOs may be contributors of EEs to the CAWs. We measured changes in abundance of estrogen receptor (ER) and vitellogenin (VTG) mRNA in male fish; both are good indicators of estrogenic activity as estrogens induce VTG mRNA expression and exert a positive feedback on ER. We also examined whether runoff has the potential to impact expression of other genes involved in reproduction (3-β-hydroxysteroid dehydrogenase), immune functioning (interleukins 6a, 12), and oxidative and/or metabolic stress responses (glutathione reductase (GSR), glutathione S-transferase alpha (GST), and metallothionein (MT)). The exposure duration (48 h) was selected based on the prior research by Villeneuve et al. (2008) , which demonstrated that 24-96 h exposure duration is optimal for detection of responses indicative of mode of action (such as the biomarkers we pursued); longer exposures (e.g., 8 d) can lead to adaptive, compensatory responses that mask the early responses indicative of a chemical's mode of action.
Surface snow melt and rain runoff (Midlothian Creek), storm sewer water (Crestwood, Evanston), CSO (RAPS), field control (North Shore Channel, Calumet-Sag Channel), lab control (control) and positive control (100 ng estradiol/L) water samples were collected between February and May 2011, and frozen at −40°C until late May 2011. At that time a subset of all samples was analyzed for estrogenic activity using T47KBluc cell assay as described above. The remainder of samples was thawed daily, and used to conduct 48 h static exposures of adult male fathead minnows (Pimephales promelas; n = 8 per treatment, Environmental Consulting and Testing, Superior, WI). The water in all exposure tanks was exchanged daily (90% water replacement). Exposures were conducted in duplicate for each treatment, with each 10-L tank containing four male fish. Water was aerated continuously, and temperature was maintained at 25°C with aquarium heaters. Once a day, fish were fed frozen brine shrimp ad libitum (San Francisco Bay Brand, Newark, CA).
Grab-water samples were collected from exposure tanks. Three 1 L amber wide mouth glass bottles were filled with unfiltered water, immediately cooled to 4°C and shipped on ice to The College of Wooster for analysis of EEs (estriol, bisphenol-A, 17α-ethinylestradiol, 17α-estradiol, E2, estrone, 4-n-nonylphenol) . The aqueous samples were divided and 500 mL samples were filtered with Whatman size 1 filter paper (Piscataway, NJ), acidified to pH = 3 with a formic acid/ammonium formate buffer, and spiked with known amounts of the labeled surrogate 17β-Estradiol-d 4 (CDN Isotopes, N 98%). The Waters Oasis® HLB 0.5 g, 6 mL solid-phase extraction cartridges (Milford, MA) were conditioned by first wetting the sorbent with 3 mL of methyl t-butyl ether (MTBE), followed by 3 mL of methanol (MeOH), and finally 3 mL of water. The 500 mL filtered, acidified sample then was added to the cartridge at a flow rate of approximately 15 mL per minute. The cartridge was then washed with 3 mL of 40% MeOH, followed by 3 mL of water, and then 3 mL of 10% MeOH in 2% NH 4 OH. The analytes of interest were eluted from the cartridge with 6 mL 10% MeOH in MTBE. The 6 mL extract then was evaporated under a stream of nitrogen to dryness. The dried extract was spiked with a known amount of the internal standard bisphenol-A d 16 (Supelco Analytical, St. Louis, MO; N98%) and reconstituted with 50:50 v/v acetonitrile/ammonium formate buffer (pH = 3) to 500 μL.
The sample extracts were separated by an Agilent 1200 LC (Palo Alto, CA). A 3.5 μm, 3.0 × 150 mm Eclipse XDB-C18 column (Agilent) was used for all separations. The injection volume was 70 μL followed by a 5 s needle wash with MeOH. Chromatographic parameters were controlled and data was obtained through the Agilent Masshunter Workstation Data Acquisition program. The LC solvents were ultra-pure water and MeOH, and the flow rate was 250 μL/min. The gradient was as follows: 0 min -60% methanol; 10 min -100%; 18 min -100%; 20 min -40%; 23 min -40%. The LC was directly interfaced to the electrospray ionization (ESI) source coupled to an Agilent 6410 Triple Quadrupole. The ion source was operated in negative ESI mode and multiple-reaction-monitoring (MRM) transition mode was used for sample analysis. Two MRM transitions, a quantitation ion and a qualitative (confirmation) ion, were acquired for each EE (Supplementary  Table 3) .
After 48 h exposure, animals were sacrificed, livers collected, and total RNA extracted using mechanical homogenization and TRI Reagent® (Sigma-Aldrich, St. Louis, MO). Isolated RNA with 260/280 absorbance ratio above 1.8 was diluted to 10 ng/mL and analyzed using one-step real time PCR with SYBR Green RT-PCR Reagents Kit (Life Technologies). Quantification of VTG and ER mRNA was conducted using existing primers (Biales et al., 2007) and widely accepted ΔΔCt quantification method (Livak and Schmittgen, 2001 ). Quantification of oxidative stress response genes (GST, GSR), immune response genes (IL6a, IL12) and metal exposure indicator MT was conducted using published primers (Jovanovic et al., 2011a (Jovanovic et al., , 2011b . Animal care and use protocols were approved by the St. Cloud State University Institutional Animal Care and Use Committee (Protocol # 0708).
Results and discussion
3.1. Water quality parameters 3.1.1. General use waters Detailed annual ambient water quality reports for the time period covered by this study were published in the form of two reports (Metropolitan Water Reclamation District of Greater Chicago, 2010 . We only provide a brief summary of the data to give the reader a quick insight in the nature of data collected, and its compliance with water quality criteria. Thirty water quality parameters assayed were subject to Illinois Pollution Control Board's water quality standards. They were DO, temperature, pH, Cl, NH 3 -N, nitrogen, TDS, phenols, SO 4 , weak acid dissociable cyanide, F, FEC_COL, gross beta radioactivity, benzene, ethylbenzene, toluene, xylene, total silver, total barium, total boron, total hexavalent chromium, total Mn, total selenium, soluble arsenic, soluble cadmium, soluble copper, soluble chromium, soluble Fe, soluble lead, soluble nickel, and soluble Zn. Two parameters (benzene and total mercury) were subject to IPCB's Human Health Standards. In 2009, a majority of the parameters (23 out of 30) were in compliance with the standards in all river systems. Of the remaining seven parameters, five (DO, pH, Cl, SO 4 , and F) had compliance rates greater than 91% in all general use waters. Total dissolved solids had compliance rates of 85.7, 88.0, and 97.7%, respectively, in the Chicago, Calumet, and DesPlaines Rivers. Fecal coliforms had the lowest compliance rate in the range of 52.2 to 60.8% in all river systems. The data collected for 2010 was comparable to 2009, with 22 parameters in 100% compliance. The parameters that were not in 100% compliance included DO, pH, Cl, TDS, SO 4 , FEC_COL, total hexavalent chromium and soluble copper. As in 2009, FEC_COL had the lowest compliance rates (50.3-62.5%). Benzene and total mercury were in total compliance with the Human Health Standard in all river systems for both years. Overall, the data are indicative of well-managed systems with high compliance rates.
Secondary contact waters
This water use classification is principally applied to the man-made navigable canal system in the Chicago and Calumet Rivers. Twentythree water quality parameters measured in the secondary contact waters during 2009 were subject to IPCB's standards. They were DO, temperature, pH, un-ionized ammonia, TDS, phenols, fats, oils and greases, total cyanide, F, total silver, total arsenic, total barium, total cadmium, total copper, total hexavalent chromium, total Fe, total lead, total nickel, total Mn, total mercury, total zinc, total selenium, and soluble iron. Nineteen parameters were in complete compliance with the IPCB's standards in the Chicago and Calumet Rivers in 2009. The remaining four parameters (DO, TDS, fats, oils, and greases, and total Fe) had compliance rates greater than 97.0% in both river systems. A comparison of 2009 and 2010 data indicated that there was no significant difference between the compliance rates -18 water quality parameters were in complete compliance in 2010. Overall, the water quality data indicate that District's waters are highly compliant with the majority of the water quality criteria, with exception of fecal coliforms.
Spatial, temporal and system-specific aspects of estrogenic activity
Our findings indicate that EEs are ubiquitous in CAWs; their spatial distribution is indicative of their effluent-dominated nature. A great majority of the monitored sites was found to have appreciable estrogenic activity, but the activity was highly variable -many samples were not estrogenic, and some had high variation (the highest coefficient of variation was 240%) (Fig. 2) . Estrogenic activity measurements generated by the present study corroborate with the EE concentrations reported by Barber et al. (2011) who focused their investigation on the North Shore Channel of the CAWs. The estrogenic activities for WRP effluents (12.75 ± 20.75 ng E2 equivalents/L, mean ± SD), and for waterways (11.79 ± 29.68 mean ± SD ng E2 equivalents/L) measured in the current study are well within the values reported by Barber et al. (2011) , and those measured for other urban areas using a variety of other methods (e.g., Atkinson et al., 2012 , Brooks et al., 2006 Martinovic et al., 2007 Martinovic et al., , 2008 . EEQ estimates generated by cell assays, in the absence of extensive analytical chemistry analyses, should not be interpreted as absolute measurements of estrogenic activity as they are prone to distortion by a variety of factors including low level cell toxicity, matrix interference and sample processing (Wehmas et al., 2011) . Nevertheless, the EEQ measurements obtained by the cell assays used for this study are reliable measurements of relative presence of EEs in the CAWs, and are thus fully appropriate for comparing concentrations between the sites, watersheds, and across seasons.
The O'Brien WRP ( Fig. 2A ), Stickney WRP (Fig. 2B) , and Calumet WRP impacted (Fig. 2C) waterways did not exhibit patterns of estrogenic activity consistent with their relative position to the WRP effluent release sites. Usually, concentrations and numbers of EEs are the lowest at upstream sites, highest in the WRP effluent, and intermediate at the downstream sites (Lee et al., 2011) . For this subset of waterways, many of the upstream sites exhibited levels of estrogenic activity comparable to those found in WRP effluents (Fig. 2) levels, whereas the intermediate sites were low in EE, with the lowest EE recorded for the site immediately downstream from the O'Brien WRP ( Fig. 2A) . Interestingly, this WRP effluent did not have very high potency when compared to associated sites in the same watershed; it appeared to dilute their estrogenic activity. As this waterway is blindending upstream of the Oakton site (except for occasional controlled inflow of Lake Michigan waters, Fig. 1 ), the higher estrogenicity may be the result of local, unidentified sources of estrogenicity. Schultz et al. (2013-in this issue) observed comparable patterns -native carp caught at the upstream Oakton site were found to have higher plasma vitellogenin concentrations than those in the North Shore Channel. Chicago River sites (south branch of the Chicago River) exhibited very high and variable activity at one of the upstream tributaries (site 99) known as the Bubbly Creek. This site is located on the South Fork of the south branch (Fig. 1) , along a 2000-m channel that begins near the Racine Avenue Pump Station (RAPS). The creek's natural ecosystem has changed greatly; it once served as a sewer for depositing meat packing waste in the early parts of the 20th century (as portrayed in "The Jungle" by Sinclair, 1906) . The creek has been further degraded by urban impervious water runoff, channel alterations, CSOs, and an unnatural hydraulic regime. As expected, the less impacted, general usedesignated upstream sites (sites 74 and 100) within the Chicago River system which receive Lake Michigan water diversion had much lower estrogenic activity (Fig. 2C) . Lower estrogenic activity at site 39 which is downstream of these tributaries (but also impacted by the O'Brien WRP effluent) indicates that there is a significant dilution effect along the North-South Branch gradient between sites 73 and 39. Downstream of the Stickney WRP (Fig. 2B , site RP5) the activity was higher than upstream, and it decreased downstream of the Lemont WRP (RP6) suggesting a dilution effect -this is expected as site 92 is 21 km downstream of the Lemont WRP.
In the Calumet system, the upstream and downstream EEQs were quite similar overall, but it is important to note that sites 49, 50, 55, 52 and 57, which are classified as general use waters (and consist of predominantly smaller streams in less urbanized areas) had the lowest levels (1.5-3.8 ng E2 equivalents/L) of estrogenic activity (Fig. 2C) . The estrogenic activity of the Calumet WRP (RP7) was comparable to several of the upstream and downstream locations. The moderately urbanized watersheds West Branch of the DuPage River and Higgins Creek had the lowest estrogenic activity upstream, the highest levels in the effluent, and intermediate levels downstream (Fig. 2D, E) . Salt Creek did not fully follow this pattern, likely due to one extremely high measurement in the upstream site, on one occasion. When we collapsed the EEQ data into heavily urbanized vs. moderately urbanized systems (Fig. 3) , we found that upstream sites in moderately urbanized systems tend to have lower estrogenicity than WRP effluents, and that the effect of WRP effluents becomes significantly diluted at the downstream sites. These patterns were not observed in the heavily urbanized systems.
When comparing mean estrogenic activity of general use waters, secondary contact waters and WRP effluents, we found that general use waters had significantly lower estrogenic activity (ca 5 ng E2EQ), and that WRP effluents and secondary contact waters had higher and comparable estrogenic activity (ca 16-18 ng E2EQ) (Fig. 4) . This is an important and interesting finding from a management perspective as it indicates that the water use designation (which is not based on assessment of endocrine activity) is protective in regards to EEs. Effluents discharged by WRPs into general use waters are disinfected prior to release -this may be a contributing factor to lower estrogenic activity as chlorination is capable of removal of EEs (Lee et al., 2004; Pereira et al., 2011) .
The estrogenic activity exhibited significant seasonal variation (Fig. 5) ; it was the highest during spring and summer months. This finding is congruent with findings of others who studied CAWsestrogenicity in the North Shore Channel was found to be higher in spring when compared to fall collections (Lozano et al., 2012) . Similar seasonal differences were observed by others who demonstrated that estrogenicity of effluents was higher in summer than in winter (Fernandez et al., 2008; Jin et al., 2008; Rodgers-Gray et al., 2000) . Fernandez et al. (2008) found that during warm months deconjugation (first step in degradation of steroids) rates for E1 and E2 in effluents exceed degradation rates of free estrogens -this resulted in more free estrogens and more estrogenic activity. Conversely, during colder months little deconjugation occurred, which coincided with lower free estrogens and estrogenic activity (Fernandez et al., 2008) .
3.3. Examination of relationships between ambient water quality and estrogenic activity 3.3.1. WRPs -relationship between ambient water quality data and estrogenic activity Zero-order correlations between (transformed) predictors and LnEEQ ranged from −0.009 for dissolved oxygen (DO) to 0.352 (for sqrt Mn), with only Mn sharing a statistically significant relationship with LnEEQ. The Enter Method for multiple regression was used to evaluate the individual and cumulative contributions of the set of predictors of LnEEQ (see Supplementary Table 4 for additional relevant statistics). Results indicate that the multiple regression coefficient (R = 0.606) was not significantly different from zero, F(8,30) = 2.173, P = 0.059. The adjusted R 2 value indicates that just under 20% of the variability in LnEEQ is accounted for by the predictors used in this analysis. As a result, roughly 80% of the variability in LnEEQ has not been accounted for by the model. Because the model itself is not statistically significant, no further interpretation of model coefficients is warranted. Because the set of predictors as a whole was deemed insignificant in the prediction of LnEEQ, stepwise regression was performed to determine whether a predictor or a smaller subset of predictors contributes significantly to the prediction of LnEEQ. Forward regression results indicate that Mn is the sole statistically significant predictor of LnEEQ, F(1,37) = 5.249,P = 0.028. While the model containing Mn as a predictor of LnEEQ is statistically significant, the R 2 and adjusted R 2 values (0.124 and 0.101, respectively) show that roughly 90% of the variability of LnEEQ is unexplained by the model. While the model (and thus the sole predictor) may be deemed statistically significant, it is of little practical significance or utility.
3.3.2. Waterways -relationship between ambient water quality and estrogenic activity Zero-order correlations between (transformed) predictors and LnEEQ ranged from 0.007 (for TDS and alkalinity) to −0.318 (for inverse NH 3 -N), with several of the predictors (DO, temperature, NO 2 -N + NO 3 -N, pH (square root), TKN (Ln), NH 3 (inverse), SS (Ln), VSS (Ln), TOC (Ln), P-TOT, turbidity (Ln), and Mn (Ln)) sharing a weak, but statistically significant relationship (P b 0.05) with LnEEQ. Forward regression results indicate that of the 19 possible predictors under consideration, four made statistically significant contributions to the prediction of LnEEQ: NH 3 (inverse), VSS (Ln), TOC (Ln), and Mn (Ln). The predictors were entered into the equation in the order indicated. These four predictors account for a proportion of variability of LnEEQ that is significantly different from zero (F(4,122) = 10.410, P b 0.001) (see Supplementary Table 5 for a statistically summary of each model generated using the forward selection procedure). While this model is statistically significant, the R 2 and adjusted R 2 values (0.254 and 0.230, respectively) are relatively low and show that 77% of the variability of LnEEQ is unexplained by this set of predictors. This statistical result is indicative of a weak (albeit statistically significant) model that is likely to yield large errors in prediction. The finding that Mn is correlated with estrogenic activity is of interest as a few studies have demonstrated that manganese oxide facilitates rapid removal of estrogens from aqueous solutions and have recommended use of manganese oxides as advanced water treatment for the removal of 17α-ethinylestradiol (Rudder et al., 2004; Xu et al., 2008) . Overall, neither simple regression, nor multiple regression analyses supported the hypothesis that ambient water quality parameter measurements are predictive of estrogenic activity. The lack of strong association between indicators of the overall effluent loads (associated with nitrogen, phosphorus) with the total estrogenic activity indicates that there are many sources of estrogens which are not associated with the total biomass input, but may be driven by a concentrated input from few sources that do not necessarily emit large biomass (e.g., hospitals, industrial influents).
It is noteworthy that even though we had access to a wealth of wellcurated water quality data generated by the District, and an unusually large dataset for estrogenic potencies (ca 300 measurements), we had difficulty obtaining a full matrix of data and could not use all parameters for our models. This was a result of the fact that a great proportion of samples was reported in a qualitative manner (e.g., below the limit of detection and/or quantification). The methods, and outcomes of the methods that were used to evaluate water parameters are standard and well executed; it is thus unlikely that this aspect of the data can be easily altered by the District, and especially not by other smaller WRPs that have very limited access to advanced analytical instruments and/or and scientific expertise. Because of the nature of the water quality data, and lack of substantial relationship between any of the predictors and estrogenicity, we conclude that currently mandated water quality measurements cannot be used to reliably predict estrogenic activity of effluents or WRP-impacted waterways.
Exploratory analysis of ambient water quality and estrogenicity data
Variable loadings, communalities, and percentages of variance accounted for are shown in Supplementary Table 6 . The first component, composed primarily of nutrients, accounted for 24.13% of the overall variance. This component can predominantly be defined by the following variables: NO 2 -N + NO 3 -N, P-TOT and pH, which share strong correlations with this component and low correlations with the second component. While TKN, NH 3 -N, and DO also load on the first component, correlations with the component are not necessarily distinguishable from their correlations with the second component. Furthermore, while EEQ and temperature technically load on the first component, their loadings are very low and do not warrant interpretation as meaningful contributors to the first (or the second) component. The second component, reflective of a medley of variables (Fe, Mn, SS, TKN, NH 3 -N, FEC-COL), accounted for 21.87% of the overall variance of the variables. While FEC_COL loaded on the second component, it did not do so in a way that is distinguishable from its loading on the nutrients component.
The components extracted do not appear to produce meaningful separation between upstream and downstream sites (Fig. 6) . However, WRPs appear to separate to some degree from upstream and downstream sites with relatively high component scores on the nutrient component (component 1) and relatively low component scores on the component 2. The finding that majority of the separation can be explained by higher nutrient (nitrogen, phosphorus) values is expected as WRP effluents are known to contain high levels of nutrients in comparison to their receiving waters. Nevertheless, it is important to note that much of the separation of the WRPs may be due to the lower variability when compared to upstream and downstream samples. Finally, EEQ, once again did not have strong loading with any of the components, supporting the idea that EEQs poorly correlate with nutrient inputs and thus treated WRP effluents.
Evaluation of estrogenic potency of non-WRP sources
Cell-assay based data indicated that there was a seasonal variation in the estrogenic activities of the waterways, with spring samples being most variable. Based on the above findings, we hypothesized that some of the potential sources of the EEs and their large variations, especially in the upstream locations, may be a result of the non-WRP inputs such as snow melt, surface runoff, stormwater, and CSO events. For this set of experiments, the cell-based assays were first used to assess estrogenic activities of non-WRP inputs. The negative controls and positive controls responded as expected, with negative controls exhibiting no activity and positive controls (spiked with 100 ng E2/L) exhibiting 88 ng EEQ/L. Surface runoff and CSO were estrogenic (0-9 ng EEQs/L), and their estrogenic activities were similar to those of their receiving streams (North Shore Channel, Calumet-Sag Channel (0-7 ng EEQs/L)), suggesting that they are, especially at times of snowmelt, heavy rain and CSO events, contributors to estrogenic activity of the CAWs, which was estimated at 11 ng EEQs/L.
The in vivo ER mRNA and VTG levels were increased in fish exposed to runoff samples, but the induction was highly variable (Fig. 7) , and none of the measurements for environmental samples were statistically different (one sample t-test, P N 0.05). Even though the differences were not significant, the ER mRNA data (which was less variable and thus more informative) followed similar patterns as cell-based assay suggesting that the chemicals in the system were sufficient to stimulate ER mRNA in vivo. The highly variable induction of VTG is a common finding, especially in fish that are exposed to either low levels of estrogens (as present in our samples) or for a short duration of time (Lehr et al., 2002) , implicating that the variation in the response is a reflection of individual variability in sensitivity to estrogens.
Chemical analyses of the water samples support our observations of the estrogenic activity using a combination of in vitro and in vivo methods. While we measured only seven common EEs, we found quantifiable levels of all of them (Supplementary Table 7) . Bisphenol A (0-97 ng/L) and nonylphenol (0-278 ng/L) were most abundant, and were found in all samples with the exception of a snow melt sample from Midlothian Creek. Estrone, E2 (α and β), and 17α-ethinylestradiol were found in very low concentrations (all were below 0.6 ng/L), which is to be expected as their main entry point to aquatic system is via WRP effluents. The water samples obtained from a CSO event at RAPS contained the highest concentrations of EE2 (0.49-0.63 ng EE2/ L) of any of the non-WRP samples tested, and were in the range of concentrations found to impair reproduction in life cycle testing of fathead minnows (Parrott and Blunt, 2005) . However, it is important to note that CSOs are episodic events at worst, and EE2 concentrations measured during a CSO event are not likely to persist for extended periods. The concentrations measured are congruent with findings of others who too demonstrated that CSOs and stormwater contain environmental estrogens including bisphenol A and nonylphenol (Boyd et al., 2004 , Musolff et al., 2010 . While the concentrations of bisphenol A were below levels known to induce vitellogenin and reproductive impairment (Crain et al., 2007) , nonylphenol was present at the concentrations known to induce vitellogenin and a variety of reproductive effects in fathead minnow (Giesy et al., 2009 ). Levels of 3betaHSD mRNA (an enzyme that facilitates steroidogenesis) were significantly suppressed in Crestwood fish (Supplementary Fig. 1 ). Because such effects were not observed upon exposure to estradiol (positive control), these effects are likely a result of other endocrine active chemicals.
MT was significantly induced in CSO sample (RAPS) (Fig. 8) . MT increase is suggestive of mobilization of responses that protect an organism against metal toxicity. GST was up-regulated in several samples, but only the North Shore Channel sample was significantly different. GST and GSR alterations are associated with oxidative stress. Detoxification enzymes, such as GST, help in eliminating reactive compounds by forming conjugates with glutathione and subsequently eliminating them as mercapturic acid, thereby protecting cells against reactive oxygen species induced damage (Rodriguez-Ariza et al., 1993) . Crago et al. (2011) have shown that there is a significant positive correlation between GST mRNA and a variety of anthropogenic pollutants found in urbanized streams. Increased expression levels of oxidative stress response-related genes, and MT suggest that surface runoff and CSOs have broader toxic effects that may be a concern for fish health in CAWs and these should be considered in the future studies.
Conclusion
Our findings indicate that EEs are commonly found in CAWs, and that WRP effluents are one of the important contributors to estrogenic activity. Estrogenic activities in CAWs are well within the values reported for other urban areas and WRP effluents. When comparing mean estrogenic activity of general use waters, secondary contact waters and WRP effluents, we found that general use waters had significantly lower estrogenic activity, and that WRP effluents and secondary contact waters had comparable and higher estrogenic activity. Our analyses indicate that estrogenic activity cannot be associated with any of the regularly measured water quality parameters, and that these are not useful for predicting estrogenic activity. One of the prominent findings of this study is that EEs do not follow predictable spatial patternsmany of the upstream sites in the heavily urbanized areas had levels of estrogenic activity comparable to those found in the effluents and downstream locations. Our data suggest that surface runoff and combined sewer overflows are also estrogenic, and are similar to those of their receiving streams. Consequently, we conclude that these non-WRP sources are important contributors to estrogenic activity of the CAWs and likely important sources of EEs in other urban aquatic ecosystems.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.envint.2013.07.018.
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